Since the onset of their diversifi cation in the early Paleozoic, more than 400 million years ago (Mya), land plants have been fundamental players in terrestrial evolution through their role as primary producers; their extraordinary taxonomic, morphological, and functional diversity; and their long-term evolutionary interactions with other biological lineages (e.g., fungi, insects, vertebrates). An accurate timeline for land plants is essential to understanding the factors associated with their diversifi cation, including coevolutionary and abiotic correlates, and the evolution of terrestrial ecosystems. The fossil record provides a coherent picture relating stratigraphic order of lineage appearance and morphological evolution (e.g., Kenrick and Crane, 1997 ; Doyle, 2012 ) . Molecular relaxed clock methods have sometimes estimated ages that confl ict in different ways with the land-plant fossil record, in particular, for fl owering plants (angiosperms; e.g., Bell et al., 2010 ; Magallón, 2010 ; Smith et al., 2010 ) and land plants as a whole (e.g., Hedges et al., 2004 ; Clarke et al., 2011 ) .
. Molecular relaxed clock methods have sometimes estimated ages that confl ict in different ways with the land-plant fossil record, in particular, for fl owering plants (angiosperms; e.g., Bell et al., 2010 ; Magallón, 2010 ; Smith et al., 2010 ) and land plants as a whole (e.g., Hedges et al., 2004 ; Clarke et al., 2011 ) .
Relaxed molecular clocks estimate node divergence times by separating the time and substitution rate implicit in a phylogenetic tree, allowing different substitution rates among tree branches. These methods rely on independent information about absolute rates or node divergence times to optimize substitution rate on branches and ages on nodes. Arguably, the most common type of independent information are temporal calibrations derived from the fossil record. Although relaxed clocks are becoming increasingly powerful, recent assessments have detected at least some conditions under which their performance is compromised. Model misspecifi cation has been recognized as a potential source of error. It is manifested, for example, in saturated sequences (e.g., Hugall et al., 2007 ) , molecular data encompassing rate and substitutional heterogeneity both within and among loci (e.g., Brandley et al., 2011 ) , and phylograms with long and short branches in close proximity (e.g., Phillips, 2009 ). The possibility of error increases in the absence of fossil constraints ( Yang and Rannala, 2006 ) .
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• Methods: Ages and absolute rates were estimated independently with two substitutionally different data sets: a highly conserved 4-gene data set and matK , a fast-evolving gene. The vascular plant backbone and the crown nodes of all major lineages were calibrated with fossil-derived ages. Dates and absolute rates were estimated while including or excluding the calibrations and using two relaxed clocks that differ in their implementation of temporal autocorrelation.
• Key results: Land plants diverged from streptophyte alga 912 (870-962) million years ago (Mya) but diversifi ed into living lineages 475 (471-480) Mya. Ages estimated for all major land-plant lineages agree with their fossil record, except for angiosperms. Different genes estimated very similar ages and correlated absolute rates across the tree. Excluding calibrations resulted in the greatest age differences. Different relaxed clocks provided similar ages, but different and uncorrelated absolute rates.
• Conclusions: Whole-genome rate accelerations or decelerations may underlie the similar ages and correlated absolute rates estimated with different genes. We suggest that pronounced substitution rate changes around the angiosperm crown node may represent a challenge for relaxed clocks to model adequately. [Vol. 100 plants, including representatives of the three nonvascular lineages, and a streptophyte algal outgroup. Except for hornworts, the deepest phylogenetic split of each major land plant lineage is represented, allowing estimation of stem group and crown group ages, including those of land plants as a whole. Our study integrates a taxonomically widespread set of fossil constraints that are placed on the tree on the basis of independent phylogenetic analyses or of their morphological attributes in the context of the currently understood distribution of synapomorphies across the tree. Fossil constraints are implemented as priors sampled from a statistical distribution to better refl ect the nature of the fossil record. Signifi cantly, we report estimates of absolute substitution rates across land-plant phylogeny. We also investigate (1) the impact of data with different relative substitution rates on estimates of divergence time and absolute branch rates in the context of deep evolutionary time, (2) to what extent (fossil-derived) temporal constraints infl uence ages and absolute rates derived from data with different relative substitution rates, and (3) the impact of different relaxed clocks on ages and absolute rates derived from different sets of genes.
MATERIALS AND METHODS
Taxa, data, and phylogeny estimation -The sample includes 80 taxa that comprehensively represent the major lineages of land plants, including the three nonvascular lineages: liverworts, mosses, and hornworts; and the vascular plants: lycophytes, ferns (including horsetails and whisk ferns), and seed plants (Appendix 1). A representative of the green algal lineage Coleochaetales (streptophyte algae) is also included. Dates and absolute rates were estimated using three data sets of plastid, protein-coding genes. The fi rst consists of the concatenated sequences of four highly conserved genes with low nucleotide and amino acid substitution rates, previously used to analyze deep phylogenetic levels within plants: atpB ( Hoot et al., 1995 ) , psaA , psbB ( Graham and Olmstead, 2000 ; Sanderson et al., 2000 ) , and rbcL ( Chase et al., 1993 ) . These four genes were selected because of their high level of conservation, which allows adequate inference of relationships at deep phylogenetic levels. Due to high levels of conservation, a marked codon structure and absence of indels, alignment of each of these genes was straightforwardly accomplished by eye, even at the phylogenetic depth involved in this study. Phylogenetic hypotheses obtained independently with each of these genes are basically equal, and the few existing differences are weakly supported Sanderson, 2002 , 2005 ) . Their sequences were obtained following molecular protocols described in Sanderson (2002 , 2005 ) or downloaded from GenBank. The second is the commonly used matK gene (e.g., Hilu et al., 2003 , Soltis et al., 2011 Crawley and Hilu, 2012 ) , which undergoes a substantially higher average nucleotide and amino acid substitution rate. This gene was selected because, although sharing with the highly conserved genes being a plastid, proteincoding gene, it has a markedly different substitutional regime, including homogeneously faster rates (see below). Sequences of matK were obtained following the protocols of Wicke and Quandt (2009) and Worberg et al. (2007) , from previous studies (e.g., Hilu et al., 2003 ; Müller et al., 2006 ) , or downloaded from GenBank. The matK sequences were aligned manually in the program PhyDE ( Müller et al., 2005 ) due to the prevalence of gaps, which may mislead automated alignments. Manual alignment followed motif recognition as outlined in Kelchner (2000) . Gaps were inserted at the cost of two or more substitutions ( Kelchner, 2000 ; Borsch et al., 2003 ) and were primarily in multiple of threes to maintain the open reading frame. Out-of-frame gaps are generally confi ned to the 3 ′ -end of the gene ( Hilu and Alice, 1999 ; Hilu et al., 2003 ) . Gaps were not included as characters in data analyses.
The slow and matK data sets almost exactly share the same taxonomic sample, except for a few cases where a different species of the same genus was used as a placeholder due to unavailability of plant material. These two data sets were concatenated to form a third data set, after verifying with independent phylogenetic analyses the absence of strongly supported incongruences between the two. We refer to these three data sets, respectively, as slow , matK and fi ve . The data sets are available in TreeBase (http://purl.org/phylo/treebase/phylows/ study/TB2:S12607).
To determine an adequate scheme to partition the data, we identifi ed the best-fi t model and the magnitude of model parameters for the three codon 2011 ). For land plants, however, some results are available. Sanderson and Doyle (2001) found substantial differences in angiosperm age estimated with 18S nrDNA and plastid rbcL sequence data. Soltis et al. (2002) not only obtained different ages with different genes and gene partitions across land plants, but also found greater differences derived from parsimony and maximum likelihood branch length optimization. Land plants provide an excellent context to evaluate the impact of loci with different substitution regimes in relaxed-clock estimation of divergence times and absolute branch rates, given the deep time involved in their evolution. This phylogenetic depth increases the chances of heterogeneous substitution processes and extreme rate differences among lineages, both of which represent problematic conditions for relaxed clock methods. Because different loci can refl ect contrasting gene histories that must be integrated to refl ect the underlying species phylogeny ( Edwards, 2009 ) , different loci may manifest idiosyncratic signals about node ages. We provide here an initial evaluation of the congruence in dates and absolute rates derived from two substitutionally different types of plastid protein-coding genes, namely, a set of four highly conserved genes that have been previously used to estimate relationships deep in the phylogeny (e.g., Magallón and Sanderson, 2005 ) , and from matK , a gene with a relatively high substitution rate and under relaxed selection, mostly used to estimate relationships among closely related angiosperm genera, but recently also shown to be an effective marker for deep phylogenetics (e.g., Hilu and Alice, 2001 ; Hilu et al., 2003 ; Worberg et al., 2007 ; Barniske et al., 2012 ) . Combining molecular data with different substitution rates in relaxed clock analyses, in addition to increasing the amount of data ( Yang and Rannala, 2006 ) , may increase informativeness at different phylogenetic depths. Adequately modeling their respective substitution regimes is crucial to obtain accurate rate and date estimates (e.g., Phillips, 2009 ; Brandley et al., 2011 ) . We evaluate whether the two substitutionally different data sets provide congruent age and rate signals across the tree, if and how they are affected by the presence of fossil constraints; and for the fi rst time, assess the potential of matK to provide phylogenetic resolution and accurate estimates of dates and rates deep in land-plant phylogeny.
Fossil constraints have proved crucial to accurately estimate divergence times in relaxed clock studies (e.g., Aris-Brosou and Yang, 2003 ; Smith et al., 2006 ; Yang and Rannala, 2006 ; Benton and Donoghue, 2007 ; Rannala and Yang, 2007 ; Wilkinson et al., 2011 ) . The fossil record does not provide an exact estimate of the time of phylogenetic splitting, but rather, of the time that distinctive morphological attributes of a lineage became preserved (e.g., Doyle and Donoghue, 1993 ; Magallón, 2004 ; Donoghue and Benton, 2007 ; Rutschmann et al., 2007 ) . If correctly interpreted, the fossil record can inform us about the time that a lineage existed, i.e., its minimal age, which may otherwise be unavailable. Although the fossil record cannot tell us exactly about the amount of elapsed time between phylogenetic splitting (i.e., the stem node) and diversifi cation into living species (i.e., the crown node) of a lineage, critically evaluated circumstantial evidence may provide tighter bounds around node ages.
The aims of this study are 2-fold: (1) to provide an estimate of the timing and absolute molecular rates associated with the evolution and diversifi cation of land plants and its major lineages and (2) to explore methodological aspects of molecular clock dating regarding gene and fossil calibration effects. This study increases the taxonomic breadth and depth of previous estimates by encompassing a comprehensive sample of all land on the Middle Ordovician (Dapingian) age of the oldest known cryptospores ( Rubinstein, et al., 2010 ; see Discussion) . The calibration age was derived from the lower boundary of the stratigraphic interval to which these fossils belong. In constrained analyses, minimum ages were assigned to 26 internal nodes, and a maximum age (130 Ma) to one node, the eudicot (Eudicotyledoneae) stem group (Appendix S1; see Supplemental Data with the online version of this article). Eudicots are unequivocally characterized by tricolpate pollen grains, which fi rst appear in the fossil record at approximately 125 Ma ( Doyle and Hotton, 1991 ) . The joint assignment of a 125 Ma minimum age to the eudicot crown node, based on fl owers belonging to the eudicot crown group ( Leng and Friis, 2003 ; Friis et al., 2006 ) , and a 130 maximal age to the eudicot stem node, derived from the 125 Ma tricolpate pollen grains, provide an adequate bracket for the time of origin of the eudicot crown node. The assignment of a 130 Ma maximal age to the eudicot stem node relies on two combined assumptions: (1) that tricolpate pollen evolved soon after the split of the eudicot branch from its sister group and (2) that tricolpate pollen entered the fossil record soon after it evolved. The second assumption is supported by the observed gradual increase in local abundance, morphological diversity, and geographical distribution of tricolpate pollen through the late Early Cretaceous stratigraphic sequence. The fi rst assumption implies a high rate of morphological evolution after the differentiation of the eudicot lineage, leading to the rapid evolution of tricolpate pollen. This assumption is very strong, and it must be treated as an important caveat. In unconstrained analyses, the calibration at the root node was retained, but the 27 temporal constraints were excluded. Optimal rate heterogeneity smoothing values ( λ ) were estimated through branch pruning cross validations ( Sanderson, 2004 ) , testing a range of values from log 10 λ = − 2 to 5.8, in 0.2 intervals. The optimal smoothing magnitude for each phylogram was subsequently implemented to estimate internal node ages and absolute rates. The PL analyses implemented a truncated Newton algorithm with bound constraints and used fi ve initial restarts and three perturbations of magnitude 0.05 in random directions.
The uncorrelated lognormal (UCLN) relaxed clock (implemented in the program BEAST 1.6.1; Drummond et al., 2006 ) is a fully parametric method that uses Bayesian inference and Markov chains to estimate node ages and absolute rates, among other parameters, on the basis of sequence data. Substitution rates among branches are obtained from a given parametric distribution (lognormal in this case; Drummond et al., 2006 ) . Prior distributions for node ages can be specifi ed to follow expectations derived from the nature of the source data. UCLN analyses were conducted for each data set, specifying independent GTR+I+ Γ substitution models and uncorrelated lognormal relaxed clock models for the partitions described in phylogenetic analyses (see above). A birthdeath speciation model was specifi ed, and an ultrametric tree, derived from the PL analysis of the corresponding data set (after reinserting the outgroup), was introduced as a starting tree. Due to the absence of fossil evidence about the timing of the split between Coleochaetales and land plants, the prior of the age of the root node was implemented as a uniform distribution between the oldest and youngest independent age estimates for this split ( Hackett et al., 2007 , in Bhattacharya et al., 2009 . This age assignment is the least biologically secure calibration in our analyses. It was obtained from a previous study that implemented a Bayesian relaxed clock (Multidivtime) on a 17 protein gene alignment including eight fossil-derived time constraints, to estimate divergence times across eukaryotes ( Hackett et al., 2007 , in Bhattacharya et al., 2009 . Different age estimates for the split between streptophyte algae and embryophyta were obtained from two alternative rootings of the phylogenetic tree. In constrained analyses, lognormal age priors were assigned to 27 internal nodes (Appendix S1; see Supplemental Data with the online version of this article) with the mean of the distribution corresponding to the age of the oldest fossil of the clade plus 10%, to attempt to accommodate the lag of time between phylogenetic splitting and fossil preservation. This also has the effect of slightly biasing estimates toward older ages. In each case, the absolute minimum of the distribution was set equal to the fossil age minus 5 Myr, to ensure that the minimal age fell within the distribution. The lognormal standard deviation was 1, except for the eudicot stem group and the land plant crown group, where it was set to 0.3, to refl ect the greater confi dence that the fossil record closely refl ects the true age of these two clades (see above). In unconstrained analyses, age priors to internal nodes were not implemented. Each constrained and unconstrained analysis for each data set consisted of fi ve or six independent Markov chain Monte Carlo (MCMC) runs of different lengths, for a total of at least 100 million generations, sampling one every 5000 trees. This strategy ensured an appropriate effective sample size (ESS; ≥ 200) for most parameters. The program Tracer 1.5 ( Rambaut and Drummond, 2009 ) was used to evaluate the behavior of the chains, obtain ESS for parameters, and check that a 10% burn-in cutoff was appropriate. Posterior parameter distributions were obtained by combining the positions of each atpB , psaA , psbB , and rbcL ( Magallón and Sanderson, 2005 ) , and for matK as a whole, using the program ModelTest ( Posada and Buckley, 2004 ) . Different codon positions of matK were not considered independently due to a lack of pronounced substitution differences among them ( Müller et al., 2006 ; Hilu et al., 2003 ) . ModelTest-estimated parameters of the shape of the gamma distribution to account for among-site rate heterogeneity and of the proportion of invariable sites are similar for the same type of codon position and different among different types of codon positions, regardless of the gene. Furthermore, substitution parameters of fi rst and second codon positions overlap and are much more similar to each other than either one is to the third codon positions. On the basis of these explicit ModelTest-estimated parameter values, we divided the slow data into two partitions, corresponding to the fi rst plus second codon positions of the four genes, and the third codon positions of the four genes. Parameter values estimated for matK were different from, and intermediate to, those of fi rst plus second, and third codon positions of the slow genes, and so were treated separately. The matK data set was not codon-partitioned because the rate of substitution is almost uniformly distributed across the three codon positions ( Müller et al., 2006 ) .
Maximum likelihood estimation of phylogenetic relationships and branch lengths was conducted for each data set with the program RAxML 7.0.4 ( Stamatakis, 2006a ) . Four relationships were constrained to agree with results supported in independent analyses that are more taxonomically focused or based on more data (e.g., Schuettpelz et al., 2006 ; Soltis et al., 2011 ) : (( Psilotum , Ophioglossum ) ( Angiopteris , Equisetum , Osmunda , Adiantum )); ((Cycadophytes ( Ginkgo , Pinaceae, Cupressophytes, Gnetophytes))); ((Chloranthales, Magnoliidae) (Monocotyledoneae, Ceratophyllales, Eudicotyledoneae)); and (Geraniales (Sapindales, Brassicales)). All other relationships, including those within constrained clades, were estimated freely. Preliminary analyses in which topological constraints were not implemented yielded different relationships in the relevant nodes, all weakly supported. All other relationships were identical. RAxML analyses used the GTRCAT model ( Stamatakis, 2006b ), which conducts a rapid bootstrap analysis and searches for the best-scoring ML tree in a single program run (RAxML 7.0.4. manual). We implemented 1000 bootstrap replicates. Substitution parameters were estimated independently for two codon position partitions (i.e., fi rst plus second, and third) in the analysis for slow ; and for three partitions (the two partitions for slow , and matK ) in the analysis for fi ve . The streptophyte algae Chaetosphaeridium (Coleochaetales) was specifi ed as outgroup.
The null hypothesis that a single set of substitution parameters adequately explains the slow and matK data sets was evaluated with a likelihood ratio test (LRT, Gaut and Weir, 1994 ; Sanderson and Doyle, 2001 ) . The likelihood of the best-fi tting model on the concatenated data set (i.e., fi ve ; ln L 0 ), was compared with the sum of the likelihoods of the best fi tting model for the slow and for the matK data sets (ln L 1 ). For each data set, parameters of the respective best fi tting model were optimized, and the likelihood calculated on a fi xed topology, corresponding to the RAxML best tree, using the program PAUP* 4.0b10 ( Swofford, 2002 ) . The estimated P value −2(ln L 0 -ln L 1 ) was compared to the χ 2 cutoff value at P = 0.05. The number of degrees of freedom corresponds to the difference in the number of parameters in L 1 and L 0 .
Relaxed clock analyses -Node ages and absolute branch substitution rates were estimated for each data sets using two relaxed clock methods, and including or excluding fossil constraints on internal nodes, for a total of 12 analyses. Nodes that were temporally constrained are listed in Appendix S1 (see Supplemental Data with the online version of this article), including the fossil from which the constraint was derived, its stratigraphic position and the assigned absolute age, based on Gradstein and Ogg (2004) .
Dates and absolute rates were estimated using two relaxed clock methods that differ, among other factors, in their statistical framework and in how they account for molecular rate heterogeneity among internal branches. These relaxed clock methods were selected because they represent two contrasting approaches to estimate divergence times and absolute rates, including, for example, their statistical framework, how they implement rate heterogeneity among lineages, and how they incorporate independent temporal information. Penalized likelihood (PL, implemented in the program r8s 1.71; Sanderson, 2002 Sanderson, , 2003 ) is a semiparametric relaxed clock that implements temporal autocorrelation ( Gillespie, 1991 ) to calculate ages and absolute rates. Phylograms obtained from the RAxML analyses for the three data sets were the primary data for PL analyses, but it was necessary to exclude the outgroup ( Chaetosphaeridium ) to obtain accurately estimated branch lengths around the root of the tree ( Sanderson, 2004 ) . Each phylogram was calibrated by fi xing the new root node, i.e., the split between liverworts and all other land plants, at 472 Ma. This age represents a reasonable maximum age of the land plant crown group, based was consistent among the three phylograms (online Appendix S2). Liverworts, mosses, hornworts, lycophytes, and ferns are characterized by long internal and terminal branches. Seed plants as a whole are subtended by a long branch, but most internal branches are short, except for branches associated with gnetophytes. Angiosperms are also subtended by a long branch, except for the grass family, but most backbone branches are short. Many angiosperm terminals, especially within monocots and pentamerous eudicots, are subtended by long branches.
Relaxed clock analyses -Relaxed clock analyses conducted with the uncorrelated lognormal (UCLN) method in BEAST and penalized likelihood (PL) in r8s provided similar age estimates, but different absolute rates. We describe UCLN results and mention PL results when different. Table 1 shows ages of selected nodes estimated with the three data sets under constrained and unconstrained optimizations, and Appendix S3 (see online Supplemental Data) shows the ages of all nodes in the tree. The dated tree derived from the constrained analysis of the fi ve data set is shown in Fig. 1 , and those for slow and matK are shown in online Appendix S4. Absolute rates across the tree, estimated under constrained and unconstrained optimizations, are shown in Appendix S5. Trees showing slow and matK absolute rates derived from UCLN constrained analyses are shown in Fig. 2 .
Analyses with different genes -The Akaike information criterion implemented in ModelTest identifi ed GTR+I+ Γ as the best-fi tting model for the slow , matK , and fi ve data sets. Model parameters for each data set were optimized on the RAxML best tree, and the likelihoods were calculated. The likelihood of the concatenated data on the tree (i.e., fi ve , ln L 0 ) is −166080.01. The likelihoods of slow and matK are −104991.87 and −59302.20, respectively, and their added likelihood ln L 1 is −164294.07. The estimated P value −2(ln L 0 -ln L 1 ) is 3571.91. Degrees of freedom (df) were calculated considering, for L 0 , six substitution parameters, one gamma shape parameter, one invariable sites parameter, and 2 N − 2 branch rate parameters ( N = 81), equal to 168; and for L 1 , six substitution parameters, one gamma shape parameter, one invariable sites parameter, and 162 absolute rates each for slow and matK , equal to 336 ( Sanderson and Doyle, 2001 ). The number of degrees of freedom is 336 − 168 = 168. The χ 2 cutoff value for P = 0.05 with 168 df is 199.2. The H 0 that a single substitution model and set of model parameters appropriately explains the slow and matK data sets is therefore rejected.
Ages-Constrained age estimates derived from the slow and matK data sets are very similar across the tree (Appendices S3 and S4). The per node absolute mean difference between the two is x = 5.96 (SD = 14.21) Ma. The absolute difference between slow and matK ages exceeds 15 Myr only in some nodes within nonvascular lineages (i.e., the most recent common ancestors [MRCAs] of Marchantia-Pellia , Fossombronia-Pellia , Sphagnum-Brachythecium , Physcomitrella-Brachythecium , Bartramia-Brachythecium , and Psilotum-Ophioglossum ; Appendix S3). Per node ages derived from the two data sets are highly correlated and proportional, as shown by the Pearson correlation coeffi cient ( r = 0.9945), and slope ( m = 0.9912).
Ages derived from unconstrained analyses of the slow and matK data sets are similar to each other, but less so than in constrained analyses. The per-node absolute mean difference between unconstrained slow and matK estimates is x = 17.16 independent MCMCs with the program LogCombiner 1.6.1, and annotating the maximum credibility tree with mean values using the program TreeAnnotator 1.6.1 ( Drummond et al., 2006 ) .
To evaluate gene effects, we compared ages and absolute rates derived from constrained and unconstrained PL and UCLN analyses of the slow vs. matK data sets (i.e., constrained slow vs. constrained matK , and unconstrained slow vs. unconstrained matK ). The impact of temporal constraints was evaluated by comparing constrained and unconstrained estimates derived from each data set (e.g., constrained slow vs. unconstrained slow ). The effect of different methods was evaluated by comparing constrained and unconstrained estimates derived from PL and UCLN analyses of the fi ve data set. Comparisons of ages and absolute rates included the absolute magnitude of the difference between ages, statistical correlation (Pearson correlation coeffi cient, r ) and proportionality (slope, m ) of estimated parameters.
RESULTS
Data, phylogeny, and branch lengths -Substitutional differences among the data partitons, specifi cally regarding the shape of the Gamma distribution to account for among-site rate variation ( α ) and of the proportion of invariable sites ( Pinvar ), are clear-cut, as shown by BEAST-estimated parameters and associated credibility intervals. First plus second codon positions of the slow data set have many sites with very low substitution rates ( α = 0.43; 95% HPD: 0.36-0.5), and nearly half of the sites are invariable ( Pinvar = 0.49; 95% HPD: 0.45-0.53). Third codon positions of the slow data set have many sites with moderate substitution rates and very few sites with either low or high rates ( α = 2.31; 95% HPD: 2.13-2.49), as well as a small proportion of invariable sites ( Pinvar = 0.05; 95% HPD: 0.04-0.05). These results suggest that partitioning the slow data into two codon position classes largely captures its main substitutional differences. However, the estimated α suggests a moderate amount of among-site rate heterogeneity within this gene.
The gene matK is substitutionally intermediate between the two partitions of the slow data set, but more similar to third codon positions. Most of the sites in matK have moderate substitution rates, but with respect to slow third codon positions, a larger number of sites with very low and very high rates ( α = 1.79; 95% HPD: 1.64-1.94), and fewer invariable sites ( Pinvar = 0.03; 95% HPD: 0.02-0.04). These values were obtained from the constrained analysis of the fi ve data set. The corresponding estimates derived from the slow and the matK data sets, under constrained or unconstrained conditions (not shown, available from the authors), are almost equal. These results are congruent with previous examinations, which have found that the overall rate of substitution per site in matK is highly uniform across the gene with slightly higher rates in the so-called Domain X ( Barthet and Hilu, 2008 ; Crawley and Hilu, 2012 ) . In addition, rate of substitution across the three codon positions is also uniform in this gene ( Müller et al., 2006 ) , contributing further toward uniformity in rates of substitutions.
Phylogenetic relationships estimated with the slow , matK , and fi ve data sets are shown in Fig. 1 and in Appendix S2 (see Supplemental Data with the online version of this article). The earliest-diverging branches within land plants are the three nonvascular lineages from which liverworts are the fi rst to branch off, followed by mosses, and hornworts are sister to vascular plants. Lycophytes are the sister of all other vascular plants, and ferns and seed plants are sister groups. A clade that includes living gymnosperms is the sister to angiosperms. All estimated phylogenetic relationships are supported by ≥ 95% bootstrap values. Although the relative rates of substitution of the slow , matK , and fi ve data sets are different, variation in branch lengths rates across the tree, but in a weak correlation between constrained and unconstrained absolute rates ( r = 0.5507, 0.5901, and 0.6875 for slow , matK , and fi ve , respectively; Fig.  4 ) . Unconstrained analyses lead to lower absolute rates than constrained analyses ( m = 0.2572, 0.3259, and 0.4043 for slow , matK and fi ve , respectively). In any given tree, absolute rates derived from unconstrained estimates are more homogeneous than those derived from constrained estimates.
Results obtained with PL are substantially different, fi rst, in fi nding a high correlation between absolute rates derived from constrained and unconstrained analyses ( r = 0.951, 0.94, and 0.9507 for slow , matK , and fi ve , respectively), and second, in that per-branch constrained rates tend to be slightly higher than unconstrained ( m = 1.147, 1.1648, and 1.2838 for slow , matK , and fi ve , respectively).
Analyses with different relaxed clocks -Ages-Constrained analyses using the UCLN method in BEAST and PL in r8s led to similar age estimates across the tree ( Fig. 5 ) . The per-node mean absolute difference between UCLN and PL is x = 13.91 Myr (SD = 17.27). Unconstrained analyses led to greater age differences (not shown), with a mean absolute difference of x = 28.02 (SD = 43.54). Ages derived from the two methods are nevertheless highly correlated ( r = 0.9891 and 0. 9864 in constrained and unconstrained analyses, respectively). In constrained analyses, PL and UCLN ages are closely proportional ( m = 1.0217), but in unconstrained analyses, UCLN ages are somewhat older ( m = 0.7117).
Absolute rates-The PL absolute rates are much lower than those estimated with UCLN ( x = 4.29e −4 and 1.27e −3 , respectively). The order-of-magnitude difference ( Fig. 5 ) is also present in unconstrained analyses ( x = 5.42e −4 and 1.06e −3 , respectively). Furthermore, the PL and UCLN absolute rates are weakly correlated ( r = 0.5265 and 0.7057 in constrained and unconstrained analyses, respectively; Fig. 5 ).
DISCUSSION
Timeline of land plant evolution -We discuss the evolutionary timeline of land plants according to the constrained fi ve UCLN analysis ( Fig. 1 ) . The combined evidence of the molecular data and the comprehensive set of fossil constraints is compatible with the timing of land-plant evolution implicit in the fossil record, except in the case of the angiosperm crown node ( Table 1 ) . We emphasize that in the UCLN analysis, fossilderived constraints were implemented as lognormally distributed priors that assign greater probability to ages closer to the fossil age in constrained nodes. Ages estimated with PL, in which any age equal to or older than the constraint has equal probability (unless avoided by constraints lower in the tree), are older than UCLN estimates, but also close to the fossil age.
The split between the land-plant lineage from the chosen streptophyte algal outgroup lineage is estimated as 912 (962-870) (SD = 28.68) Myr, with the largest differences found in some nonvascular lineages (e.g., the MRCAs of Fossombronia-Pellia , Marchantia-Pellia , Physcomitrella-Brachythecium ), as well as the angiosperm crown node. Unconstrained ages may be substantially older or younger than their constrained counterparts ( Fig. 3 , Appendix S3 ), for example, land plants are, on average, over 250 Myr older, and Araucariaceae over 90 Myr younger in unconstrained analyses. Nevertheless, ages across the tree are highly correlated ( r = 0.9856) and proportional ( m = 0.9645). Ages estimated with PL for slow and matK in constrained and unconstrained optimizations are similar to and show the same patterns described already.
Absolute rates-Absolute rates derived from the slow data are much lower than those derived from matK ( Fig. 2 , Appendix  S5) . In constrained optimizations, the mean branch rate for slow is x = 5.56e −4 substitutions per million year (subst/Myr; SD = 5.5e −3 ), much lower than the matK mean branch rate, at x = 1.4e −3 subst/Myr (SD = 1.38e −3 ). In spite of their different magnitudes, constrained slow and matK absolute rates are highly correlated ( r = 0.9335), although matK absolute rates are roughly 2.5 times higher than slow ( m = 2.35). In unconstrained analyses, the mean branch rate for slow is x = 4.11e −4 (SD = 2.57e −4 ) subst/Myr, and for matK , x = 1.1e −3 (SD = 7.58e −4 ) subst/Myr, in both cases being slightly lower than the respective constrained optimization. The correlation between unconstrained slow and matK absolute rates increased slightly ( r = 0.9416), with the matK absolute rates being proportionally higher ( m = 2.78). Analyses with PL under constrained and unconstrained conditions resulted in similar patterns, but with different absolute rates for particular branches.
Analyses including or excluding fossil constraints -AgesIncluding or excluding temporal constraints, when all other factor remain unchanged, results in the greatest differences in node ages across the tree ( Fig. 3 ) . The per node absolute mean difference between constrained and unconstrained analyses for the slow , matK and fi ve data sets are x = 42.06 (SD = 50.06) Myr; x = 37.92 (SD = 48.56) Myr; and x = 34.92 (SD = 46.81) Myr, respectively. Excluding temporal constraints also leads to a substantial increase in the magnitude of the 95% highest posterior density (HPD) age credibility interval ( Fig. 3 ) , with the mean magnitude of unconstrained 95% HPDs being approximately 3-fold the constrained 95% HPD ( Table 2 ) . Correlation between constrained and unconstrained ages, although high ( r = 0.9405, 0.9402, and 0.9508 for slow , matK , and fi ve , respectively), is lower than the correlation between ages derived from different data (see earlier). Proportionally, unconstrained ages are slightly older than constrained ( m = 1.17, 1.15, and 1.17 for slow , matK , and fi ve , respectively). The PL results differ: constrained age estimates are slightly younger than unconstrained ( m = 0.9, 0.91, and 0.93 for slow , matK , and fi ve , respectively).
Absolute rates-Including and excluding temporal constraints resulted in moderate differences in the magnitude of absolute Fig. 1 . Dated tree from combined 5-gene data set, including fossil constraints. Chronogram derived from uncorrelated lognormal (UCLN) analysis of concatenated sequences of atpB , psaA , psbB , rbcL , and matK genes (i.e., fi ve ), including fossil constraints ( constrained ). All branches were supported by maximum likelihood bootstrap values ≥ 95%. The mean age of each node is indicated, and bars represent the associated credibility interval (95% highest posterior density). Circled letters indicate constrained nodes, derived from fossils listed in Appendix S1. Abbreviations: Am, Amborella ; Aust, Austrobaileyales; bry, bryophytes; Ch, Chloranthales; cup, cupressophytes; cyc, cycads; Gk, Ginkgo ; gne, gnetophytes; hn, hornworts; liv, liverworts; Nym, Nymphaeales; Pin, Pinaceae. → and therefore, the Middle Ordovician age (472 Myr) is probably an overestimate for the land-plant crown node. A more realistic interval ranges between the oldest cryptospores (discussed already) and the oldest unequivocal land plant crown group members. The latter may be either fossil liverwort-like sporangia containing spores, from the Late Ordovician (Katian, 456-446 Ma) of Oman ( Wellman et al., 2003 ; Wellman, 2010 ) , or, more conservatively, trilete spores from the uppermost Ordovician (mid-Katian to Hirnantian, ca. 450-444 Ma) of northern Saudi Arabia ( Steemans, et al., 2009 ) . In summary, a conservative fossil-based interval for the crown group age of land plants ranges between 472 and 444 Myr. Because of the extraordinary complexity associated with understanding the phylogenetic divergences and timing of early land-plant evolution, we (conservatively) biased our estimates toward older ages by assigning a prior with a narrow lognormal distribution around 472 Ma to the land-plant crown node. Our results estimated an age of 475 (471-480) Myr for this node, corresponding to the latest Lower Ordovician-slightly older than the oldest cryptospores. Smith et al. (2010) estimated a similar mean age for this node (477 Myr), but with a larger credibility interval. Clarke et al. (2011) obtained substantially older estimates, probably as a consequence of a soft maximum bound to its age, set at 1042 Myr ( Clarke et al., 2011 , p. 5) . Setting a reasonable maximal Myr (mean age and 95% HPD), corresponding to the Neoproterozoic Era. Unequivocal fossil evidence for the timing of this split is unavailable. Independent estimates, which were here used to calibrate this node, date this split at 870 Ma and 970 Ma ( Hackett et al., 2007 , in Bhattacharya et al., 2009 ). The posterior estimate of the age of this node does not really differ from the prior, as its 95% HPD is almost equal to the specifi ed interval of the uniform distribution from which the prior was sampled.
The earliest confi dent fossil record of land-plant evolution is a cryptospore assemblage from the lowermost Middle Ordovician of Argentina (Dapingian, ca. 472-468 Ma; Rubinstein et al., 2010 ; Wellman, 2010 ) . These cryptospores, and others from younger sediments, can be linked to the land-plant evolutionary lineage on the basis of a thick and resistant wall with particular ultrastructural and geochemical attributes, and a thin surrounding envelope ( Taylor, 1995 ; Steemans et al., 2010 ; Wellman, 2010 ;  see Appendix S1). The presence of similar cryptospores inside sporangia of unequivocal land plants from younger sediments further supports their relationship. However, cryptospores also possess some attributes, for example, a dyad confi guration, not found among living seed plants ( Wellman, 2010 and referenc es therein). This combination of attributes suggests that cryptospores most likely belonged to the stem lineage of land plants, Taylor et al., 2009 ), but the oldest fossils of crown-group seed plants possibly correspond to Cordaitales (e.g., Crane, 1985 ; Doyle and Donoghue, 1986 ) , from the lower Carboniferous (Namurian, ca. 326-313 Myr; Taylor et al., 2009 ). The estimated age of seed plants is somewhat older (330 Myr), but the associated credibility interval (351-314) spans the fossil range. The age estimated by Smith et al. (2010) is very similar, with a larger credibility interval. Ages estimated by Clarke et al. (2011) are older. Molecular clock and fossil estimates congruently indicate a relatively short fuse (i.e., the time between evolutionary differentiation and diversifi cation into extant lineages) for fern diversifi cation (ca. 20 Myr), but a substantially longer one for seed plants (ca. 80 Myr). The earliest unequivocal angiosperm fossils are pollen grains from latest Valanginian ( Brenner, 1996 ) and Hauterivian ( Hughes and McDougall, 1987 ; Hughes et al., 1991 ) sediments. age for a node is complicated (e.g., Ho and Phillips, 2009 ), but some guidelines are available. For example, Benton and Donoghue (2007) suggested considering the next oldest fossil horizon that lacks relevant fossils as determined, for example, by the presence of similar physical and environmental settings, and coeval biota. Unreasonably old maximal ages are problematic in that they pull ages into unrealistically old estimates ( Smith et al., 2006 ; Yang and Rannala, 2006 ; Ho and Phillips, 2009 ; Wilkinson, et al., 2011 ) .
The oldest fossil indications of crown group vascular plants are extinct lycophytes (i.e., zosterophyllophytes and Baragwanathia ; Garrat and Rickards, 1987 ; Hueber, 1992 ; Kenrick and Crane, 1997 ) from the Upper Silurian (Ludlow; ca. 423-419 Myr). Our age estimate for this node is 424 (434-416) Myr, spanning this stratigraphic interval. Previous estimates of the age of vascular plants are slightly ( Smith et al., 2010 ; Clarke et al., 2011 ) to substantially older ( Clarke et al., 2011 ) . The euphyllophyte clade, which includes ferns and seed plants, is fi rst documented in the fossil record by Pertica , a possible seed-plant stem relative ( Kenrick and Crane, 1997 ) from the Lower Devonian (ca. 416-397.5 Myr; Gensel and Andrews, 1984 ) . The interval estimated for this clade (422-401 Myr) spans the upper Silurian to the Lower Devonian, and the mean age (411 Myr) falls in the Lower Devonian. The age interval estimated for this node by Clarke et al. (2011) , although larger, also encompasses the the signal in the data indicates an age different from the constraint, it will overcome a strong prior.
Gene effects -The relative rate of molecular substitution in phylogram branches provides data for relaxed clocks to estimate absolute divergence times and absolute rates. Loci that accumulate substitutions at different relative rates over evolutionary time might therefore be expected to infl uence estimates of divergence times. Incorrect divergence time estimates are known to stem from unaccounted substitutional saturation, and this effect becomes especially severe when few temporal calibrations are used ( Jansa et al., 2006 ; Hugall et al., 2007 ; Phillips, 2009 ; Brandley et al., 2011 ) . Although the gene matK has a high substitution rate, it provided good phylogenetic resolution deep in the land-plant phylogeny inferred here and estimated ages and absolute rates that are similar and proportional, respectively, to those obtained with the highly conserved slow data set. The fi nding that divergence times and absolute rates obtained from two substitutionally different data sets are similar and strongly correlated suggests that if substitutional differences are correctly accounted for, they can potentially lead to similar estimates ( Brandley et al., 2011 ) .
Although the slow genes and matK belong to the plastid genome and code for proteins, they are characterized by signifi cantly different substitution regimes, as shown by the LRT conducted here. Nevertheless, the two data sets estimate very similar ages across the tree. The differences between slow -and matK -derived ages in constrained and unconstrained analyses are the smallest and second-smallest, respectively, among conducted comparisons. The observation that absolute rates derived from the slow and matK data sets, both in constrained and unconstrained analyses, are of very different absolute magnitude, but strongly correlated, suggests that their substitution regimes are proportional across the tree. This could be explained by concerted genomic accelerations or deceleration in different lineages, resulting in parallel signals from different genes.
The magnitude of the difference between slow -and matKderived age and branch rate estimates is weakly affected by including or excluding temporal constraints (but see next section). Regarding comparisons among different genes, it would therefore appear that temporal constraints are secondary to wholegenome substitution rate (e.g., Lavin et al., 2005 ; Smith and Donoghue, 2008 ) and have little impact in the degree of age similarity and absolute rate correlation derived from slow and matK data.
Effect of fossil constraints -Fossil-derived age constraints were implemented differently in the two types of analyses: (1) as a hard-bound minimum ages in PL, which allows equal probability to any age equal to or older than the fossil age, and (2) as a prior obtained from a lognormal distribution with a zero offset slightly younger than the fossil age and a standard deviation
The affi nity of these pollen grains with angiosperms is indicated by a columellar infratectal structure and a perforate to reticulate tectum. Among living plants, a columellar infratectum is present only in angiosperms, but not all angiosperms have a columellar infratectum. Detailed examinations among the earliest-diverging angiosperm lineages document that the pollen of Amborella and of many members of Nymphaeales lacks a columellar infratectum ( Doyle, 2005 ( Doyle, , 2009 ( Doyle, , 2012 , and references therein; see Appendix S1). Pollen with distinct infratectal columellae is present in Austrobaileyales and is the most widespread condition in Mesangiospermae, the clade that includes all other angiosperms. J. A. Doyle (2005 , and references therein) noted that the distinct columellar and perforate to reticulate wall structure displayed by most of the Valanginian and Hauterivian angiosperm pollen grains corresponds to that of pollen nested within angiosperms, specifi cally, at the level of the node connecting Austrobaileyales and Mesangiospermae. Reconstruction of the ancestral angiosperm pollen character states is equivocal (e.g., Doyle, 2005 ) , in part due to uncertain relationships among Amborella , Nymphaeales and (Austrobaileyales plus Mesangiospermae), but one of the most parsimonious optimizations indicates that the columellar infratectum evolved within the angiosperm crown group, namely, on the branch subtending Austrobaileyales plus Mesangiospermae. If this reconstruction correctly depicts the evolution of angiosperm pollen wall structure, then the oldest fossil angiosperm pollen grains are members of the angiosperm crown group ( Doyle, 2005 ( Doyle, , 2009 ( Doyle, , 2012 . Sediments from the Barremian-Aptian transition (ca. 125 Ma) and younger contain an ever increasing diversity of angiosperm vegetative and reproductive remains (e.g., Doyle, 2012 ) . Notably, the oldest fossils whose systematic position can be confi dently identifi ed belong to the deepest branches in angiosperm molecular phylogenetic trees.
We assigned a lognormally distributed 136 Myr prior to the angiosperm crown node, corresponding to the boundary between the Valanginian and the Hauterivian ( Gradstein and Ogg, 2004 ) , based on the earliest pollen grains that can be confi dently related to the group ( Hughes and McDougall, 1987 ; Hughes et al., 1991 ; Hughes, 1994 ; Brenner, 1996 ; Doyle, 2005 Doyle, , 2012 . Our results indicate a mean age of 194 Myr for the onset of angiosperm diversifi cation, corresponding to the Lower Jurassic. Although the associated credibility interval is large (210-162 Ma), it does not span the interval where the oldest angiosperm fossil pollen occurs, not even reaching the Cretaceous. Other studies have also estimated an angiosperm age that is considerably older than its fossil record (e.g., Sanderson and Doyle, 2001 ; Wikström et al., 2001 ; Soltis et al., 2002 ; Magallón and Sanderson, 2005 ; Bell et al., 2010 ; Magallón, 2010 ; Smith et al., 2010 ; Clarke et al., 2011 ) . Among the nodes constrained in this study, the angiosperm crown node is unique in that its estimated age is substantially older than the oldest fossils that can be reliably assigned to the clade. This discrepancy is especially noteworthy because it clearly shows that if such that it would place a greater probability to ages closer to the fossil age than to the distant past, but this would also allow a substantial probability to ages much older than the fossil age.
The critical importance of temporal constraints in relaxed clock analyses has been abundantly documented, as they establish landmarks on which divergence times and absolute rates are scaled (e.g., Smith and Peterson, 2002 ; Aris-Brosou and Yang, 2003 ; Smith et al., 2006 ; Yang and Rannala, 2006 ; Benton and Donoghue, 2007 ; Donoghue and Benton, 2007 ; Ho, 2007 ; Rannala and Yang, 2007 ; Wilkinson et al., 2011 ) . Yang and Rannala (2006) demonstrated that an infi nite amount of molecular data cannot surmount the information provided by fossil calibrations. In support of previous results, we here found that including and excluding temporal constraints leads to the largest differences in estimated ages-much greater than those resulting from different data or relaxed clock methods. However, we document that different data react similarly to the presence or absence of temporal constraints ( Fig. 3 ) , explaining the apparently contradictory observation (discussed earlier) that excluding temporal constraints causes small differences between the two data sets. Ages derived from different data in constrained (and unconstrained ) analyses are more similar to each other than ages derived from the same data in constrained vs. unconstrained analyses ( Fig. 3 ) . Furthermore, excluding temporal constraints substantially increases the magnitude of the error (i.e., size of the 95% HPD) associated with age estimates ( Fig. 3A-B ) .
The crucial relevance of temporal constraints in relaxed clock age and branch rate estimation is a two-edged sword. If correctly interpreted and applied, constraints provide instrumental guides to accurately estimating divergence times and rates. If incorrect, they can misguide age and rate estimates, and these errors may propagate across the tree, especially if the calibration is applied as a single or fi xed point. The quality of any given calibration is unknown beforehand, but specifi c guidelines to make better use of fossils as calibrations have been identifi ed: First, multiple constraints can improve model specifi cation by providing landmarks in different parts of the tree that allow more accurate branch length estimation and calculation of divergence times and absolute rates (e.g., Benton and Donoghue, 2007 ; Hugall et al., 2007 ) . This may be especially relevant in the presence of pronounced rate heterogeneity, deep phylogenies, or incomplete taxonomic sampling. Furthermore, multiple fossil constraints may mitigate incorrect signals derived from individual poor constraints ( Smith and Peterson, 2002 ; Yang and Rannala, 2006 ) . Second, some relaxed clocks allow increased fl exibility to implement calibrations, better capturing the implicit temporal information in different types of evidence, for example, fossils, geological events, or dates derived from independent studies ( Ho, 2007 ; Ho and Phillips, 2009 ). More specifi cally, fossil constraints can be modeled to refl ect the inherent probability that, if the phylogenetic position of a fossil has been correctly identifi ed, the time of divergence is closer to the fossil date than to a random point in the past with a mean placed at the fossil age plus 10% in UCLN analyses. The reasons underlying the latter implementation are to ensure that the minimum age falls within the distribution, and, because the time of lineage splitting is older than the fossil age, to place the mean of the distribution at an age older than the fossil, respectively. The consequences are that estimated ages may be (slightly) younger than the fossil age and, more significantly, that estimated ages are sampled closer to the fossil age. An equivalent implementation of fossil ages in the two methods would have implied uniformly distributed priors with a minimum age equal to the fossil age in the UCLN analysis. The different implementations might explain why PL estimates are older than UCLN estimates (e.g., Fig. 5A ). However, the observation that the difference between PL and UCLN-estimated ages is approximately of the same magnitude in nodes that were calibrated and in nodes that were not calibrated, suggest that the effect of the different implementation is moderate. If the lognormally distributed prior in the UCLN analyses had a strongly biased estimates to the fossil age, a greater discrepancy between PL and UCLN ages would be expected in constrained nodes.
The type of distribution from which a prior age is drawn should refl ect the expected relationship between the type of temporal constraint (e.g., a fossil age or a biogeographical event) and the time of phylogenetic splitting. A uniform distribution would imply that any age equal to or older than the independent age is equally probable. We believe that this would be an incorrect assumption in the case of fossil-derived constraints, unless the fossil preservation potential of the biological group under study were extraordinarily poor. Under normal circumstances, we would expect that, in absence of limitations imposed by calibrations lower in the tree, the time of phylogenetic splitting would be older than the oldest fossils of the group, but closer to the fossil age than to a random distant point in the past. Based on this expectation, we believe that in the case of fossilderived constraints, a lognormal prior distribution is more appropriate than a uniform prior distribution. The question, however, is the magnitude that should be assigned to the parameters of the lognormal distribution, in particular, of its standard deviation. Whereas indications about the type of distribution that can be associated with different types of calibration are available (e.g., Ho and Phillips, 2009 ), guidelines about the magnitude of parameters associated with these distributions have not been discussed (but see Heath, 2012 ) . In this study, we empirically assigned two different magnitudes to the standard deviation of the lognormal distribution based on our rough confi dence around prior beliefs, derived from the attributes of the fossil record of particular nodes. Specifi cally, the standard deviation of the lognormal distribution was set to 1 in all constrained nodes, except in the land-plant crown node and the eudicot stem node (nodes A and U in Fig. 1 , respectively) where the standard deviation was narrower (see above and Appendix S1). Possibly, the best alternative would be to sample the prior from a lognormal distribution with a large standard deviation [Vol. 100 (e.g., Ho, 2007 ; Ho and Phillips, 2009 ) . Third, in the case of fossil-based constraints implemented as priors sampled from a statistical distribution, the magnitude of the associated statistical parameters (e.g., the standard deviation) can be implemented considering the confi dence associated to each constraint. For example, the magnitude of a parameter can be assigned on the basis of a general qualitative assessment of clade identifi ability or chemical and physical attributes that may allow quick fossil preservation, or of explicit analytical measures (e.g., Wilkinson, et al., 2011 ; Heath, 2012 ) . As far as we are aware, little is known about the effect of temporal constraints in relaxed clock estimation of absolute substitution rates. Rather, absolute rates are rarely examined (but see, e.g., Sauquet et al., 2012 ) . In this study, we provided some explicit results. We documented that including or excluding temporal constraints in relaxed clock analyses has substantial impact on absolute rate estimates. Given the same data, including or excluding constraints resulted in absolute rates of the same order of magnitude, but these were different and weakly correlated. Also, constrained absolute rate estimates are more heterogeneous than unconstrained ones ( Fig. 2 ) . Given the same constraints, the use of different data results in estimates of very different but strongly correlated absolute rates. Thus, the effect of including or excluding temporal constraints is moderate in terms of modifying the rate estimated for each branch, but substantial in terms of eroding the correlation between absolute rates that are derived from different data. These observations suggest that modifi cations on the temporal component of branch lengths caused by constraints are accounted for through optimizations on the magnitude of absolute rates. It appears that the optimizations that the UCLN method introduces to account for temporal constraints affect absolute rates more strongly than node ages.
Different relaxed clocks -PL and the UCLN method are relaxed molecular clocks that estimate ages and absolute rates on the basis of different statistical frameworks, different implementations of substitution rate heterogeneity among branches, and a different degree of fl exibility for incorporating temporal constraints. Nevertheless, both estimated similar ages for most internal nodes here, especially in our constrained analyses (e.g., Pérez-Losada et al., 2004 ; Magallón, 2010 ) . The different implementation of constraints in both types of analyses is a potential source of discrepancy in estimated ages. In PL, the age of the land-plant crown node was fi xed at the fossil age (472 Myr), whereas in UCLN analyses, the prior of the age of the same node was sampled from a lognormal distribution with a mean equal to the fossil age plus 10%. Nevertheless, the UCLN estimate for this node is 475 Myr, which is very close to the fi xed age in the PL analysis.
In unconstrained analyses, age differences between PL and UCLN increase moderately, especially in sensitive nodes (mostly within the nonvascular plant lineages-results not shown). PL and the UCLN method differ importantly in how the molecular clock is relaxed to allow among-branch substitution rate heterogeneity. The PL method uses autocorrelation ( Gillespie, 1991 ) , in which the rates of descendent branches depend on the rates of the ancestral branch. In the UCLN method, rates vary among branches according to a lognormal distribution. The UCLN relaxed clock obtains the rate of each branch from a given lognormal distribution.
The different principles with which the two methods relax the molecular clock very likely explain the greater homogeneity (e.g., Donoghue and Benton, 2007 ; Ho, 2007 ; Inoue et al., 2010 ) . This probability can be achieved by introducing divergence time priors as statistical distributions that refl ect the potential distribution of the true age relative to the type of constraint Conclusions -Ages estimated here for all major land plant lineages are closely congruent with their respective earliest fossils, except for the angiosperms. Other relaxed clock studies have also estimated ages that are congruent with the fossil record of the respective clade for most of the tree, except for one or a few nodes (e.g., Smith et al., 2006 ; Donoghue and Benton 2007 ; Wilkinson et al., 2011 ) . The age of the angiosperm crown node has proved to be a particularly diffi cult estimation problem. We think that their true age is older than but closer to the fossil date than to the molecular clock estimates. The pattern of their earliest appearance in the fossil record, with increasing distribution, local abundance, and morphological diversity of angiosperm pollen and leaf types in Early Cretaceous sediments; and the generally coinciding order of appearance of lineages in stratigraphic sequences and in molecular phylogenies, are formidable objections to the possibility of a long portion of early angiosperm history missing in the fossil record. Part of the diffi culty dating the angiosperm crown node may lie in a combination of a long subtending phylogenetic branch, followed by many very short ones, which together represent a complicated among PL-derived absolute rates and the heterogeneity among UCLN-derived absolute rates within any given tree and the high correlation between PL-derived absolute rates obtained in constrained and unconstrained analyses of the same data vs. the weakly correlated UCLN-derived absolute rates. One result for which the different implementations of among-branch rate heterogeneity models in the two methods offers no explanation is that the UCLN-estimated absolute rates in general, and regardless of the mode of evolution, are higher than the PL-estimated absolute rates. A possible explanation is that PL estimates the absolute rate of a branch by dividing the branch length by its time duration, whereas BEAST optimizes the time and rate on a branch based on the given sequences (M. J. Sanderson, University of Arizona, personal communication).
While recent studies have evaluated the effect of different relaxed clock methods and their implementations, as well as the relevance of fossil constraints in age estimation (e.g., Smith and Peterson, 2002 ; Pérez-Losada et al., 2004 ; Smith et al., 2006 ; Lepage et al., 2007 ; Phillips, 2009 ) , published information about their impact in absolute branch rate estimation is rarely available. Within a phylogenetic tree, absolute rates are the analytical counterpart of node divergence times. We suggest that evaluation of absolute rates should have equal preponderance to scenario for models to accurately capture the distribution of ages and absolute rates ( Hugall et al., 2007 ; Lepage et al., 2007 ; Phillips 2009 ; Brandley et al., 2011 ) .
The importance of modeling substitutional behavior correctly, together with the availability of temporal constraints to guide it, is empirically supported by the fi nding that some nodes in our tree are sensitive to differential conditions of analysis, specifi cally, using different data (genes) and relaxed clock methods, and also display the largest errors around estimated ages. These sensitive nodes are subtended by and subtend long phylogram branches and are distant from constraints. These combined circumstances cause substantial variability on estimated parameters. The relationship between sensitivity to different conditions of analysis or large associated errors, and long branches or increased distance from calibrations, has been detected previously (e.g., Donoghue and Benton, 2007 ; Wilkinson et al., 2011 ) .
Fossil constraints, but not gene mode and tempo of gene evolution, are the most relevant factor determining age estimates. The different data evaluated here have a weak effect in inferred ages, mostly affecting sensitive nodes, but, as expected, each provides substantially different absolute rates, as a consequence of their inherently different relative substitution rates. Nevertheless, we detected important interactions between fossil constraints and type of data in which ages and rates estimated with different data, but equally constrained or unconstrained, are very similar and highly correlated, respectively. These interactions suggest the possibility that whole-genome accelerations or decelerations proportionally affect genes in different lineages, resulting in similar estimates of ages and correlated absolute rates. How widespread these parallel patterns are among genes of the plastid genome, or among different genomic compartments in the cell, requires further investigation.
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